Ca V 2.1 Ca 2+ channels play a key role in triggering neurotransmitter release and mediating synaptic transmission. 24
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Carlota González Inchauspe (1) , Nadia Pilati (2) , Mariano N. Di Guilmi (1) , Francisco J. Urbano (1) , Michel D. 5 Ferrari (3) , Arn M.J.M. van den Maagdenberg (3, 4) , Ian D. Forsythe (2) and Osvaldo D. Uchitel Integraslice 7550PSDS (Campden Instruments Limited, UK) vibrating microslicer. Transverse slices of 250 m 142 thickness were cut sequentially and transferred to an incubation chamber containing normal aCSF with low 143 calcium (0.1 mM CaCl 2 and 2.9 mM MgCl 2 ) at 37 ºC for 1h. After incubation the chamber was allowed to return 144 to room temperature. Normal aCSF contained (mM): NaCl 125, KCl 2.5, NaHCO 3 26, NaH 2 PO 4 1.25, glucose 145 10, ascorbic acid 0.5, myo-inositol 3, sodium pyruvate 2, MgCl 2 1 and CaCl 2 2. Low sodium aCSF was as above 146 but NaCl was replaced by 250 mM sucrose and MgCl 2 and CaCl 2 concentrations were 2.9 mM and 0.1 mM 147 respectively. The pH was 7.3 when gassed with 95% O 2 -5% CO 2 . 148
Experimental electrophysiology 149
Slices were transferred to an experimental chamber perfused with normal aCSF at 25 ºC. Neurons were 150 visualized using Nomarski optics on a BX50WI (Olympus, Japan) microscope, and a 40X/0.90 NA water 151 immersion objective lens (LUMPlane FI, Olympus). Whole-cell voltage clamp recordings were made with patch 152 pipettes pulled from thin walled borosilicate glass (Harvard Apparatus, GC150F-15, UK). Electrodes had 153 resistances of 2.9 to 3.2 MΩ when filled with internal solution of the following composition (mM): CsCl 110, 154
Hepes 20, TEA-Cl 10, Na 2 phosphocreatine 12, EGTA 0.5, MgATP 2, LiGTP 0.5 and MgCl 2 1. PH was adjusted 155 to 7.3 with CsOH. To block Na + currents and avoid postsynaptic action potentials, 10 mM N-(2,6-156 diethylphenylcarbamoylmethyl)-triethyl-ammonium chloride (QX-314) was added to the pipette solution. Patch-157
Results 176
7 mice (n = 15, P = 0.001, Student´s t-test). In contrast, EPSC maximal amplitudes (recorded in the presence of 211 strycnine, (-)-bicuculline and AP5) were significantly smaller in R192Q KI compared to WT mice for each 212 stimulus intensity above 8 V (Fig. 2C) . Mean EPSC conductance as a function of stimulus are shown in Fig. 2D , 213 *P < 0.01, One-way ANOVA, Student-Newman-Keuls post-hoc). EPSC conductance measured at steady state 214 (12 V), were 20 ± 4 nS in WT (n = 9) and 9.5 ± 0.9 nS in R192Q KI mice (n = 8, P = 0.02, Student´s t-test). The 215 kinetics of glycinergic IPSCs and glutamatergic EPSCs from R192Q KI were not statistically different than 216 those from WT mice. IPSCs from WT (n = 19) and KI (n = 15) synapses had respectively a mean rise time of 217 0.57 ± 0.03 ms and 0.55 ± 0.04 ms, mean half width of 3.7 ± 0.2 ms and 3.6 ± 0.3 ms and mean decay time of 218 7.3 ± 0.6 ms and 6.7 ± 0.7 ms (P > 0.05, Student´s t-test). For EPSCs, mean rise time were 0.83 ± 0.09 ms and 219 0.92 ± 0.09 ms, mean half width are 2.68 ± 0.34 ms and 3.44 ± 0.18 ms and mean decay time were 5.3 ± 0.7 ms 220 and 6.6 ± 0.6 ms for WT (n = 9) and R192Q KI (n = 8) mice respectively (P > 0.05, Student´s t-test). 221
We next evaluated the probability of vesicle release by estimating the fraction of the ready releasable pool 222 released by a single action potential. We used an approach based on repetitive stimulation which induced short 
Ca
2+ influx during the first stimulus is lower than during the last pulses and Ca 2+ concentration rises during 237 stimulation, the comparison between genotypes indicated that the release probability was significantly higher in 238 R192Q KI than in WT mice at both inhibitory ( size. This value was slightly smaller in R192Q KI (71 ± 5, n = 14) compared to WT mice (98 ± 6 n = 15), P = 248 0.02, Student´s t-test, Fig. 3B, IV) . 249 Different results were found for the excitatory transmission. Miniature EPSC measured in R192Q KI and WT 250 mice had similar amplitudes (39 ± 3 pA, n = 13 in KI and 43 ± 5 pA, n = 17 in WT, P > 0.05, Student´s t-test, 251 Fig. 3D, I ) and similar frequencies (2.4 ± 0.4 Hz in KI and 2.7 ± 0.4 Hz in WT, P > 0.05, Student´s t-test, Fig.  252 3D, II). Interestingly mEPSC decay times were slower in KI (0.62 ± 0.04 ms) compared to WT (0.49 ± 0.04 ms, 253 P = 0.02, Student´s t-test, Fig. 3D, III) . 254
The ready releasable pool size was severely reduced in R192Q KI (28 ± 1, n = 8) compared to WT mice (65 ± 2, 255 n = 8, P < 0.01, Student´s t-test, Fig. 3D, IV) . 256
We conclude that FHM-1 R192Q mutation increased release probability and decreased pool size at both 257 synapses (aiming to a presynaptic effect), even though the IPSC conductance was larger and the EPSC 258 conductance was smaller in R192Q KI compared to WT mice. (inhibitory) and Fig. 5D (excitatory) . Comparing the two genotypes, we found that the rate of recovery was 309 significantly increased in R192Q KI compared to WT mice, for both inhibitory and excitatory inputs to the LSO 310 neurons. These results support evidence on the importance of Ca 2+ influx through Ca V 2.1 Ca 2+ channels in the 311 refilling of the releasable pool of synaptic vesicles: mutations in calcium channels may alter STD and or vesicle 312 replenishment. 313 316 Using knock-in mice carrying the pathogenic FHM-1 mutation R192Q in the Cacna1a gene that encodes 317 the α 1A pore-forming subunit of voltage-gated neuronal Ca V 2.1 (P/Q-type) Ca 2+ channels, we evaluated the 318 functional consequences of this mutation on inhibitory and excitatory synaptic transmission at the LSO synapse 319 of the auditory system. Excitatory glutamatergic release was almost exclusively dependent on Ca V 2.1 Ca 2+ 320 channels (Fig. 4E, F) . Inhibitory glycinergic release was, on the other hand, mediated by multiple VACCs (Fig.  321   4A, B) When the Ca V 2.1 blocker -agatoxin IVA was applied alone in WT and R192Q KI mice, IPSCs were inhibited 333 by more then 70 % (Fig. 4C, D) . These data reveal that release of vesicle at both excitatory and inhibitory 334 synaptic transmission strongly depends on calcium influx via Ca V 2.1 channels and suggest that Ca V 2.1 Ca On the other hand, a reduced size of the readily releasable pool of vesicles was observed at R192Q KI synapses, 360 more prominent in the excitatory synapse (57% of reduction in R192Q KI compared to WT mice) than in the 361 inhibitory synapse (27% of reduction in R192Q KI compared to WT mice). 362
The enhanced inhibitory neurotransmission can be explained by the increase in release probability and in the 363 amplitudes of the single quantal events occurring in the MNTB terminals, which compensate in excess the 364 slightly reduced vesicle pool size. Moreover, the change in vesicle pool could indicate the occurrence of a 365 mechanism that preserves synaptic transmission in face of a dramatic augment of inhibition. 366
The release probability was also increased at the excitatory glutamatergic nerve terminals. However, the severe 367 reduction in vesicle pool size resulted in an overall reduction of the excitatory synaptic currents here reported, 368 aiming to recover the balance between excitation and inhibition in R192Q KI synapses. These findings suggest 369 the possible occurrence of homeostatic compensatory mechanisms, that could be different at inhibitory or 370 excitatory synapses (Turrigiano 2012). 371
It is interesting to point out that in contrast to our findings at the LSO synapses, at the somatosensory cortical 372 synapses studied by Tottene et al. (2009) there was an enhancement in excitatory glutamatergic 373 neurotransmission at the PC-FS connection in R192Q KI compared to WT mice while the inhibitory GABAergic 374 neurotransmission at FS-PC connections was unaffected by the FHM-1 R192Q mutation. Interestingly it seems 375 that at these synapse there were no homeostatic compensatory mechanisms. In summary, in synapse from 376 R192Q KI mice, the balance between excitation and inhibition is lost. The differential effect of FHM-1 377 mutations on excitatory and inhibitory neurotransmission at different synapses may produce overexcitation in 378 certain conditions, but may leave the excitation-inhibition balance within physiological limits in others. 379
Most relevant was the effect of the FHM-1-mutated Ca V 2.1 Ca 2+ channels on short-term synaptic 380 plasticity. Firstly, it is worth mentioning that excitatory transmission depressed and recoverd much faster than 381 inhibitory transmission, independently of the genotypes (compare Wang and Kaczmarek (1998) have shown that Ca 2+ influx through voltage-gated Ca 2+ channels is the key signal 397 that dynamically regulates the refilling of the releasable pool of synaptic vesicles in response to different patterns 398 of inputs. Therefore, mutations in calcium channels may alter STD and or vesicle replenishment. Considering 399 that a substantial amount of synaptic depression is due to vesicle depletion, the enhanced short-term depression 400 (STD) and diminished pair pulse ratio (PPR) in R192Q KI mice (Fig. 5A, C) is consistent with the higher release 401 probability (Fig. 3A, C, insets) and the smaller vesicle pool size (Fig. 3B, D) that these transgenic mice exhibited 402 at both excitatory and inhibitory synapses, reinforcing the hypothesis of a presynaptic effect of the FHM-1 403
mutation. 404
The enhanced rate of recovery from STD observed in R192Q KI mice is an important feature that can modify 405 synaptic efficacy and excitability. It suggests a faster recycling rate of vesicles into the ready releasable pool 406 (Wang and Kaczmarek, 1998), and is in agreement with the enhanced preceding synaptic activity (enhanced 407 STD as shown in Fig. 5A, C) . Faster recovery in excitatory and inhibitory transmission might be due to an 408 increased residual Ca 2+ in synapses from R192Q KI mice, responsible for accelerating vesicle endocytosis and 409 refilling process following STD. The rise in residual calcium is a consequence of the mutated Ca V 2.1 channels as 410 
